All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Brazil is the world leader in sugarcane production. Responsible for over half of the sugar traded in the world, the country has approximately 8.8 million hectares planted with an production about of 672 million tons of sugarcane in 2014/2015 \[[@pone.0160898.ref001]\]. This amount of sugarcane can produce 32.5 million tons of sugar and 25.87 billion liters of ethanol \[[@pone.0160898.ref002]\].

As with any crop, sugarcane has a variety of insects that are associated with its production. Of several insect species that can cause damage, the sugarcane borer *Diatraea saccharalis* (Fabricius, 1794) (Lepidoptera: Crambidae) is notable; it is a lepidopteran whose larval form opens galleries inside the sugarcane stalk \[[@pone.0160898.ref003]\]. Its ability for damage is compounded by the frequency with which it occurs in the cane fields, its high biotic potential, and the favorable climate in Brazil \[[@pone.0160898.ref004]\]. The direct damage caused by the larvae of *D*. *saccharalis* is related to the attack on sugarcane plants caused by its feeding. Galleries formed within the stem weaken the plant, making it easier to fall, and eventually can lead to death or breakage, a symptom known as \"dead heart\" \[[@pone.0160898.ref005]\].

Indirect losses occur through the colonization of fungi, which cause red stem rot diseases. The holes left by the opening of the galleries facilitate the entry of microorganisms such as *Fusarium moniliforme* and *Colletotrichum falcatum*. These organisms cause the inversion of sucrose and decrease the purity of the broth, which damages both the agricultural and industrial crop yield \[[@pone.0160898.ref003]\].

Because of the biology of the pest and the extensive continuous areas cultivated with cane sugar, chemical control of the sugarcane borer is inefficient. It spends most of its larval stage inaccessible to contact with insecticides, and chemical control would also be costly, depending on the size of the crop, and potentially harmful to the environment \[[@pone.0160898.ref006]\].

The parasitoid *Cotesia flavipes* (Cameron, 1891) (Hymenoptera: Braconidae) was successfully introduced in Brazil beginning in 1974 \[[@pone.0160898.ref007], [@pone.0160898.ref008]\] and from 1980 to 2002 the intensity of infestation of this pest decreased from 11% to 2.8% \[[@pone.0160898.ref009]\]. Although the parasitoid has proven effective in controlling the borer, currently there is concern regarding the quality of mass-produced parasitoids \[[@pone.0160898.ref010], [@pone.0160898.ref011]\].

Confidence in the effectiveness of a biological control agent is vital for a biological control program to become established and be successful. Unsatisfactory results caused by poor quality of control agents may result in negative publicity for the method and jeopardize a program in which many years of research were invested \[[@pone.0160898.ref012]\]. The success of entomophagous control agents, which may keep the populations of pests in check, largely depends on efficient methods of mass production, field release, and the potential of the species to reduce the pest population \[[@pone.0160898.ref013]\].

One of the biggest obstacles to quality control is the detection of loss of genetic variability in insects reared in large quantities. Considering all the mechanisms that can cause a loss in variability, inbreeding appears to be the most relevant to established colonies in laboratories \[[@pone.0160898.ref014], [@pone.0160898.ref015]\]. Inbreeding is defined as matings between related individuals, including crosses between siblings, parents and offspring, and between cousins \[[@pone.0160898.ref016]\]. The resulting offspring may display in each generation a higher frequency of homozygous recessive alleles, which may carry deleterious or otherwise undesirable characteristics \[[@pone.0160898.ref017]\].

The consequences of inbreeding are reflected in the loss of genetic variability, and they can influence the size of the insects, the viability and fertility of the offspring, juvenile and adult mortality, as well as the morphology of individuals \[[@pone.0160898.ref018]\]. Alteration of these factors may compromise the effectiveness of the biological control agent in the field \[[@pone.0160898.ref019]\].

In the current Brazilian situation, populations were founded by a small group of individuals with no further reports of wild strains being introduced. Although mating is random within the populations grown in biofactories, it does not result in increased genetic diversity because all individuals are related, having some common ancestors \[[@pone.0160898.ref020]\]. Thus, one can consider the Brazilian population as a single population of *C*. *flavipes*, even if divided into sub-populations in different biofactories.

Since its introduction in Brazil, the quality of parasitoids has not been monitored; therefore, we do not know if that species lost quality over time, but we could know whether during the next generations the parasitoid will lose quality or not. Thus, the objective was to determine the quality of these insects over the next 10 generations and if there is evidence of quality loss. Therefore, we forced matings between *C*. *flavipes* siblings to determine if there is deterioration or lose of aggressiveness of parasitoids over the next 10 generations. Our research will help to clarify what has been happening to Brazilian populations of *C*. *flavipes* being reared in laboratories for \>40 years without introduction of new parasitoids.

Materials and Methods {#sec002}
=====================

Our research was performed at the Laboratory of Biology and Insect Rearing (LBIR) of the Plant Protection Department of the Universidade Estadual Paulista \"Julio de Mesquita Filho\"---Campus Jaboticabal, São Paulo, Brazil. The insects were kept in temperature-controlled room at 26 ± 1°C, 70 ± 10% relative humidity, and a 12L:12D photoperiod.

Obtaining Specimens {#sec003}
-------------------

The required biological material for the experiments was obtained from the Laboratory of Entomology of Usina São Martinho, located in Pradópolis, São Paulo, Brazil, which provided *D*. *saccharalis* larvae in the third instar, artificial diet for caterpillars, and cocoon masses of *C*. *flavipes*.

Rearing and Inbreeding the Population {#sec004}
-------------------------------------

Rearing of inbred individuals began with the specimens obtained from the Laboratory of Entomology of Usina São Martinho. Masses of cocoons were taken to LBIR, and as soon as individuals emerged, the adults from the same cocoon mass were separated into couples. The immediate separation of couples ensured that each unmated female was isolated with a single brother, thereby ensuring that the offspring presented the genetic characteristics of that couple. Next, the mated females were allowed to parasitize larvae of *D*. *saccharalis*. Likewise, the descendants of these couples were also forced to mate only with a sibling and the female subsequently parasitized other caterpillars. This was repeated generation after generation, thereby evaluating the effects of inbreeding on the efficacy of parasitism by *C*. *flavipes*.

The experiments were performed for 10 generations of the parasitoid *C*. *flavipes*. Individuals from the mass production of Usina São Martinho (control) and individuals obtained from crosses between siblings were compared. Each new generation was evaluated, as well as a new control group.

Biological Characteristics {#sec005}
--------------------------

After adult emergence, 50 pairs of the inbred population were removed. Each pair was placed in a Petri dish (6 cm diameter × 2.5 cm) without food. After 24 h, a *D*. *saccharalis* caterpillar in the third instar was offered to each female, and the parasitized caterpillar was stored in Petri dishes with artificial diet; the dish was marked to identify the female that parasitized it.

Each parasitized caterpillar was considered a replicate. Caterpillars were kept under controlled conditions for approximately 5 days until the formation of the pupae of *C*. *flavipes* on the host body. *C*. *flavipes* cocoons were in kept Petri dishes, identifying their origin, until the emergence of adults. Fifty samples of cocoon masses from the biofactory population of parasitoid cocoons were reserved from the same generation as that of the inbred population to serve as the control. They were maintained under the same conditions of temperature, photoperiod, and relative humidity as the test subjects.

The adult offspring obtained from each replicate of the treatment and control populations were counted, along with the viable pupae, to determine the percentage of adult emergence and sex ratio. This procedure was conducted for each generation until the tenth generation.

Adult Survival {#sec006}
--------------

To evaluate adult survival rate, 20 newly emerged couples from both populations were removed from each generation. Individuals were kept in flat-bottomed test tubes (2 cm diameter × 8 cm height) that were sealed with plastic wrap. The wasps were kept without food, and were observed every eight hours from emergence until death (cessation of movement). The survival assessments for males and females were performed at each generation, up to the tenth, for the two populations of the parasitoid.

Data Analysis {#sec007}
-------------

The effects of the different parasitoid populations were analyzed using the repeated measures procedure for an analysis of variance (ANOVA; Proc Mixed). Data from biological characteristics (pupal period, percentage of emerged adults/mass, total of emerged adults/mass, and sex ratio) were submitted to this analysis. Each biological characteristic was analyzed separately (independent fixed variables, treatment and time; random variable, and replicates within treatment), and an appropriate covariance structure for each characteristic was used \[[@pone.0160898.ref021]\]. As there was a significant interaction between the main effects (populations and generations), an additional analysis of variance was performed for each treatment. Assumptions of normality and homogeneity of variance were checked using the Cramer-von Mises criterion and Bartlett's test. If significant differences were found between the treatments, means were compared using Tukey's test. Moreover, curves were drawn using data for the age-specific survival and were compared according to Kaplan and Meyer \[[@pone.0160898.ref022]\].

Results {#sec008}
=======

Biological Characteristics {#sec009}
--------------------------

The pupal period of *C*. *flavipes* was significantly different between generations (*F*~10,\ 1011~ = 212.63, *P* \< 0.0001) and populations (*F*~1,\ 1011~ = 699.31, *P* \< 0.0001), in which individuals of the inbred population had a longer pupal period (6.2 days). Moreover, a difference occurred in the populations x generations interaction (*F*~9,\ 1011~ = 115.59, *P* \< 0.0001). The significant interaction indicated that the pupal period of *C*. *flavipes* populations studied varied with the generation of the insect.

The F1 generation of the inbred population had a pupal period of 3.9 days, in contrast with the F4 generation, which had a longer duration of 7.8 days (*F*~10,\ 539~ = 168.07, *P* \< 0.0001). For the cocoons derived from the biofactory, pupal period was also different and ranged from 3.8 days in the F3 generation to 7.0 days in F8 generation (*F*~9,\ 490~ = 156.90, *P* \<0.0001) ([Table 1](#pone.0160898.t001){ref-type="table"}).

10.1371/journal.pone.0160898.t001

###### Pupal period of individuals from two populations of *Cotesia flavipes*.

![](pone.0160898.t001){#pone.0160898.t001g}

        Population                                            
  ----- ----------------------------------------------------- ---------------------------------------------------
  P     6.0 ± 0.00 f[^1^](#t001fn001){ref-type="table-fn"}    \-
  F1    3.9 ± 0.03 h                                          5.0 ± 0.00 c[\*](#t001fn002){ref-type="table-fn"}
  F2    5.4 ± 0.15 g                                          6.0 ± 0.00 b[\*](#t001fn002){ref-type="table-fn"}
  F3    6.0 ± 0.00 f[\*](#t001fn002){ref-type="table-fn"}     3.8 ± 0.05 f
  F4    7.8 ± 0.09 a[\*](#t001fn002){ref-type="table-fn"}     5.9 ± 0.13 b
  F5    6.4 ± 0.08 cd[\*](#t001fn002){ref-type="table-fn"}    4.6 ± 0.07 d
  F6    6.1 ± 0.06 ef[\*](#t001fn002){ref-type="table-fn"}    5.1 ± 0.10 c
  F7    6.1 ± 0.07 def                                        5.9 ± 0.08 b
  F8    7.4 ± 0.09 b[\*](#t001fn002){ref-type="table-fn"}     7.0 ± 0.00 a
  F9    6.6 ± 0.07 c[\*](#t001fn002){ref-type="table-fn"}     5.1 ± 0.11 c
  F10   6.4 ± 0.08 cde[\*](#t001fn002){ref-type="table-fn"}   4.2 ± 0.11 e

^1^Means ± standard error

\*denotes difference in the rows, and lowercase letters indicate differences in the column (P \< 0.05).

The percentage of emerged adults of *C*. *flavipes* was different between generations (*F*~10,\ 1011~ = 19.41, *P* \< 0.0001), but not between populations (*F*~1,\ 1011~ = 1.24, *P* = 0.2650). The highest rate of emergence was observed in the F4 generation (42.1%). Moreover, there was a difference in the populations x generations interaction (*F*~9,\ 1011~ = 3.64, *P* = 0.0002).

The percentage of adults emerged from pupae in the mass of the population biofactory showed values ranging from 59.5% in the F1 generation (32.3 insects/mass) to 80.8% in the F9 generation (54.9 insects/mass) (*F*~9,\ 470~ = 13.82, *P* \<0.0001). For the inbred population, the percentage of emerged adults ranged from 57.6% in F8 generation (37.1 insects/mass) to 81.9 in the F2 generation (57.9 adults/mass) (*F*~10,\ 539~ = 15, 59, *P* \< 0.0001) (Tables [2](#pone.0160898.t002){ref-type="table"} and [3](#pone.0160898.t003){ref-type="table"}).

10.1371/journal.pone.0160898.t002

###### Percentage of adults emerged per mass from two populations of *Cotesia flavipes*.

![](pone.0160898.t002){#pone.0160898.t002g}

        Population                                              
  ----- ------------------------------------------------------- ------------------------------------------------------
  P     70.9 ± 0.00 abc[^1^](#t002fn001){ref-type="table-fn"}   \-
  F1    71.6 ± 2.89 ab[\*](#t002fn002){ref-type="table-fn"}     59.5 ± 2.96 c
  F2    81.9 ± 1.99 a[\*](#t002fn002){ref-type="table-fn"}      72.6 ± 2.65 ab
  F3    74.8 ± 2.74 ab                                          73.8 ± 2.58 ab
  F4    38.1 ± 3.69 d                                           66.9 ± 4.55 abc[\*](#t002fn002){ref-type="table-fn"}
  F5    69.6 ± 3.07 abc                                         71.7 ± 3.00 abc
  F6    62.9 ± 3.18 bc                                          66.3 ± 2.99 bc
  F7    67.2 ± 2.83 bc                                          72.2 ± 3.02 abc
  F8    57.6 ± 3.32 c                                           75.5 ± 1.80 ab[\*](#t002fn002){ref-type="table-fn"}
  F9    75.9 ± 2.71 ab                                          80.8 ± 2.02 a
  F10   62.9 ± 2.89 bc[\*](#t002fn002){ref-type="table-fn"}     43.9 ± 3.22 d

^1^Means ± standard error

\*denotes difference in the rows and lowercase letters indicate differences in the column (P \< 0.05).

10.1371/journal.pone.0160898.t003

###### Total of adults emerged per mass from two populations of *Cotesia flavipes*.

![](pone.0160898.t003){#pone.0160898.t003g}

        Population                                            
  ----- ----------------------------------------------------- ----------------------------------------------------
  P     57.0 ± 3.35 a[^1^](#t003fn001){ref-type="table-fn"}   \-
  F1    50.5 ± 3.19 ab[\*](#t003fn002){ref-type="table-fn"}   32.3 ± 2.31 b
  F2    57.9 ± 3.24 a                                         56.8 ± 3.97 a
  F3    55.5 ± 3.53 a                                         49.9 ± 3.73 a
  F4    24.4 ± 2.73 c                                         30.2 ± 4.16 b
  F5    55.5 ± 3.86 a                                         57.2 ± 3.76 a
  F6    43.9 ± 3.85 ab                                        42.5 ± 3.87 ab
  F7    55.9 ± 3.64 a                                         54.6 ± 4.25 a
  F8    37.1 ± 2.65 bc                                        58.3 ± 3.17 a[\*](#t003fn002){ref-type="table-fn"}
  F9    44.7 ± 3.12 ab                                        54.9 ± 2.32 a[\*](#t003fn002){ref-type="table-fn"}
  F10   42.7 ± 3.42 ab[\*](#t003fn002){ref-type="table-fn"}   31.5 ± 2.97 b

^1^Means ± standard error

\*denotes difference in the rows and lowercase letters indicate differences in the column (P \< 0.05).

The emerged adults were separated by sex and it was observed there were more females in all generations reared in the inbreeding group (*F*~10,\ 539~ = 5.77, *P* \< 0.0001). In F1, F5, and F7 the number of females was significantly higher in the population reared in inbreeding when compared to the values of the respective generations of the population reared in biofactory ([Table 4](#pone.0160898.t004){ref-type="table"}). However, the overall average sex ratio was similar for the two populations, being 0.64 in the inbred populations (*F*~10,\ 539~ = 5.77, *P* \< 0.0001) and 0.61 in the biofactory population (*F*~9,\ 471~ = 6.18, *P* \< 0.0001).

10.1371/journal.pone.0160898.t004

###### Sex ratio of individuals from two populations of *Cotesia flavipes*.

![](pone.0160898.t004){#pone.0160898.t004g}

        Population                                             
  ----- ------------------------------------------------------ -----------------
  P     0.8 ± 0.00 a[^1^](#t004fn001){ref-type="table-fn"}     \-
  F1    0.7 ± 0.02 abcd[\*](#t004fn002){ref-type="table-fn"}   0.5 ± 0.05 cd
  F2    0.8 ± 0.01ab                                           0.7 ± 0.03 ab
  F3    0.7 ± 0.02 abcd                                        0.7 ± 0.04 abc
  F4    0.7 ± 0.03 bcd                                         0.8 ± 0.05 a
  F5    0.7 ± 0.03 bcd[\*](#t004fn002){ref-type="table-fn"}    0.6 ± 0.04 bcd
  F6    0.6 ± 0.04 d                                           0.5 ± 0.04 d
  F7    0.7 ± 0.02 bcd[\*](#t004fn002){ref-type="table-fn"}    0.5 ± 0.05 d
  F8    0.6 ± 0.04 cd                                          0.5 ± 0.03 cd
  F9    0.7 ± 0.03 bcd                                         0.6 ± 0.03 abcd
  F10   0.7 ± 0.02 abc                                         0.7 ± 0.04 abc

^1^Means ± standard error

\*denotes difference in the rows and lowercase letters indicate differences in the column (P \< 0.05).

Adult Survival {#sec010}
--------------

The males in the F2 generation of the inbred population survived longer ([Fig 1](#pone.0160898.g001){ref-type="fig"}). After 65 hours, only 5% of the individuals from the biofactory population were still alive, whereas in the same period the survival of the inbred population was 80% (GL = 1, χ² = 10.5503, *P* = 0.0012).

![Male survival of *Cotesia flavipes* from a population subjected to inbreeding and a control population.](pone.0160898.g001){#pone.0160898.g001}

For the survival of males in the F3 generation, at approximately 50 hours, the percentage of individuals living in the biofactory population was 15%, whereas the that of the inbred population, in the same period, was about 80% of (GL = 1, χ² = 11.0585, *P* = 0.0009). However, there was a sharp drop in the percentage of live adults in the inbred population between 50th and 65th hours, and death of 100% of individuals after 65 hours occurred for both populations ([Fig 1](#pone.0160898.g001){ref-type="fig"}).

In the F7 generation, the survival of male subjects was also different (GL = 1, χ² = 12.5116, *P* = 0.0004), at approximately 50 hours, the percentage of survivors was 80% in the inbred population, whereas during the same period only 5% survived in the biofactory population ([Fig 1](#pone.0160898.g001){ref-type="fig"}).

The biggest difference in survival was observed during the F8 generation between the populations (GL = 1, χ² = 34.9683, *P* \< 0.0001). After 40 hours, 100% of the male population of the biofactory population was dead, whereas 80% of the inbred individuals were still alive. For the inbred population, 100% mortality was observed after 80 hours ([Fig 1](#pone.0160898.g001){ref-type="fig"}). In F1, F6, F9, and F10, there was no significant difference in the survival rates for male individuals between populations ([Fig 1](#pone.0160898.g001){ref-type="fig"}).

Regarding the survival of females, difference in the F2 generation was observed (GL = 1, χ² = 6.0395, *P* = 0.0140) ([Fig 2](#pone.0160898.g002){ref-type="fig"}), with a decrease in the percentage of survivors from 100% to 50% for the biofactory population between 25 and 35 hours. After 90 hours, mortality was recorded for all individuals. In the inbred population, 50% of survivors were observed at 60 hours and mortality for all individuals at 115th hour.

![Female survival of *Cotesia flavipes* from a population subjected to inbreeding and a control population.](pone.0160898.g002){#pone.0160898.g002}

In the F4 generation, although the percentage of live females from the inbred population was close to 85% at 40 hours for the females, in the biofactory population it was 50% (GL = 1, χ² = 13.9707, *P* = 0, 0002). The mortality of all females was observed after 55 hours in both groups ([Fig 2](#pone.0160898.g002){ref-type="fig"}).

Again the F8 generation exhibited the greatest discrepancy in relation to survival of females between populations (GL = 1, χ² = 34.8670, *P* \< 0.0001). Thus, while 100% of the females from the biofactory population were already dead after 40 hours, 90% of the female from the inbred population survived, and only showed 100% mortality after 90 hours.

Discussion {#sec011}
==========

The severity with which the effects of inbreeding are exhibited in a population is closely related to the reproduction type of a species \[[@pone.0160898.ref023]\]. In haplodiploides groups such as Hymenoptera, the effects of loss of genetic diversity through inbreeding appear to be mild because of the genetic buildup of genders \[[@pone.0160898.ref023]\]. As the females of this group are heterozygous for the locus responsible for sex determination and males are hemizygous for the same locus, the recessive genetic load hidden in heterozygosity of the female is completely expressed by the male. Thus, the deleterious recessive alleles expressed by males might be subject to the selection of the environment and eliminated from the population, thereby reducing the deleterious effects of inbreeding \[[@pone.0160898.ref024], [@pone.0160898.ref025], [@pone.0160898.ref026]\].

Henter \[[@pone.0160898.ref023]\] gathered 45 studies from 25 different species both diploid and haplodiploides, and by means of a meta-analysis, evaluated the differences of the effects of inbreeding in these two groups. The results showed that the effects of inbreeding depressions are more severe in survival and fecundity of adult diploid species than in haplodiploides species. Werren \[[@pone.0160898.ref025]\] suggested that under ecological conditions requiring the occurrence of inbreeding, such as low population density, haplodiploides species are more likely to survive the transition from outbreeding to inbreeding than diploid species.

Besides the advantage offered by haploidiploidia in eliminating deleterious alleles, the Hymenoptera employ a wide variety of mating systems, ranging from restricted crossings between siblings to random mating between individuals of the population \[[@pone.0160898.ref027]\]. A low-level genetic inbreeding depression is naturally expected in inbred populations because the wide expression of deleterious alleles allows for the elimination of these genes from the population \[[@pone.0160898.ref023]\].

The distribution of hosts and the habits of the larval parasitoid have great influence on the frequency with which inbreeding can occur naturally. According to Godfray \[[@pone.0160898.ref028]\] and Henter \[[@pone.0160898.ref023]\], it is expected that gregarious species of parasitoids present a higher frequency of inbreeding than solitary species. A good example is seen in *C*. *glomerata* (Linnaeus, 1758) (Hymenoptera: Braconidae), whose natural host (*Pieris brassicae*) exhibits an isolated distribution and the occurrence of inbreeding is not uncommon for this parasitoid \[[@pone.0160898.ref029]\]. The males of this species typically emerge earlier than females, and approximately 70% of all males remain near the site of emergence \[[@pone.0160898.ref030]\], hoping to mate with their female siblings \[[@pone.0160898.ref031]\]. Arakaki and Ganaha \[[@pone.0160898.ref032]\] observed that *C*. *flavipes* also has high rates of inbreeding after its emergence and Niyibigira et al. \[[@pone.0160898.ref033]\] suggested that this behavior occurs regularly in the species.

Another condition that makes outbreeding more likely is the polygamous nature of the female. At least 2/3 of the gregarious parasite species listed by Ridley \[[@pone.0160898.ref034]\] depict cases of the female accepting copulation with more than one male. This can easily occur on a regular basis for *C*. *flavipes* in the biofactory laboratory, where about 15 cocoons masses from different females are put together until the moment of release of the adults in the field \[[@pone.0160898.ref035]\]. Progenies generated with different genetic loads have better genetic variety even if siblings mate.

However, gregarious species with high frequencies of inbreeding in the field may still suffer the effects of an inbreeding depression, such as *Trichogramma pretiosum* (Riley, 1871) (Hymenoptera: Trichogrammatidae) \[[@pone.0160898.ref036], [@pone.0160898.ref026]\]. Although the deleterious recessive alleles can be removed efficiently by haploid males, alleles that carry slight deleterious traits or that present traits of partial dominance are more difficult to remove from the population and may cause the permanence of an inbreeding depression in haplodiploides insects \[[@pone.0160898.ref037]\].

The effects of inbreeding depressions may be reflected in the parameters used in the evaluation of quality control of the parasitoids, such as longevity \[[@pone.0160898.ref019]\]. However, its effects can be measured mainly by characteristics limited to females, such as fecundity, looking for hosts, and determining the sex ratio of offspring \[[@pone.0160898.ref023], [@pone.0160898.ref026]\].

Overall, the present results concerning the biological characteristics of both sexes are similar to those obtained in other studies. The pupal period of the two populations studied was similar to that observed by Hernández \[[@pone.0160898.ref038]\] (5.4 days) and Zhou et al. \[[@pone.0160898.ref039]\], who found no significant differences in development time of *C*. *glomerata* between inbred and outbred groups. In studies conducted in Texas, \[[@pone.0160898.ref040]\] expected to find effects of inbreeding in a colony of *C*. *flavipes* reared more than four years in the laboratory with no new introduction of wild individuals. However, when the results were compared with data from two other groups, reared a shorter period of time in the laboratory and from other regions (a group from another region of Texas and another from Thailand), the differences were minimal.

Regarding the characteristics expressed only by females, Henter \[[@pone.0160898.ref023]\] noted that after only five generations under inbreeding, the solitary wasp *Uscana semifumipennis* Girault, 1911 (Hymenoptera: Trichogrammatidae) showed a decrease in fecundity and sex ratio of offspring as a consequence of an inbreeding depression. Zhou et al. \[[@pone.0160898.ref039]\] evaluated the effect of inbreeding depression in *C*. *glomerata* and observed that in the generation F1 of the inbred group, the production of males was significantly higher (43%) than in the outbred group (28%) and at the fourth generation the percentage of male progeny already exceeded 70%. Another braconidae evaluated under inbreeding was *Asobara tabida* (Nees 1834) (Hymenoptera: Braconidae), in which the size of the offspring and the proportion of females were higher in the inbred compared with the outbred group \[[@pone.0160898.ref041]\].

The increase in the proportion of males leads to a decrease in the rate of population growth, with a consequent rise in the potential for extinction of the population \[[@pone.0160898.ref042]\]. Thus, an increase in males is considered a very serious effect of an inbreeding depression. Male production can increase significantly after successive consanguineous matings as a result of the action of inbreeding on the mechanism of sex determination of the species. There are four different models of sex determination proposed for the Hymenoptera \[[@pone.0160898.ref043]\]. The most common, known as complementary sex determination (CSD) \[[@pone.0160898.ref044]\], has two variations according to the number of loci involved. When a single locus is responsible for determining the sex, the mechanism is called a single locus-CSD (sl-CSD) \[[@pone.0160898.ref045]\]. When sex is determined from multiple loci, it is called multiple loci-CSD (ml-CSD) \[[@pone.0160898.ref046], [@pone.0160898.ref047]\].

The sl-CSD occurs in almost all superfamilies of Hymenoptera, with the exception of Chalcidoidea \[[@pone.0160898.ref048]\], leading to the belief that this type of sex determination is the ancestral mechanism within the group \[[@pone.0160898.ref049]\]. Under sl-CSD, the sex of an individual is determined by the allelic composition at sexual locus. Haploid individuals present only one allele in the sex locus and are always males. Diploid individuals have two different alleles and may be female, if the two copies of the alleles are different, or they may be male if the copies of the alleles are equal \[[@pone.0160898.ref044]\]. If the sl-CSD mechanism applies to an inbreeding species where male and female share a sex allele, the proportion of males in the progeny will be higher because 50% of the fertilized eggs will become diploid males \[[@pone.0160898.ref044]\]. In general, diploid males exhibit low viability \[[@pone.0160898.ref043], [@pone.0160898.ref045], [@pone.0160898.ref050]\], an inability to mate \[[@pone.0160898.ref051]\], or are sterile \[[@pone.0160898.ref052]\] because the sperm is unable to penetrate the egg \[[@pone.0160898.ref053]\]. Occasionally, some manage to carry out fertilization, but produce sterile triploid daughters \[[@pone.0160898.ref054]\]. Thus, the occurrence of diploid males impairs the production of females in the next generation, increasing the proportion of males in each generation and decreasing the number of descendants.

Empirical studies do not support the hypothesis that sl-CSD is the only mechanism of sex determination in the genus *Cotesia* \[[@pone.0160898.ref033], [@pone.0160898.ref044], [@pone.0160898.ref055]\], which includes about 100 species worldwide \[[@pone.0160898.ref056]\]. Until 2006, the only species of the genus *Cotesia* for which its mechanism of reproduction was determined to be sl-CSD was *C*. *glomerata* \[[@pone.0160898.ref039]\]. Field populations of *Cotesia sesamiae* (Cameron, 1906) and *Cotesia rubecula* (Mason, 1981) (Hymenoptera: Braconidae) showed no evidence of sl-CSD \[[@pone.0160898.ref033], [@pone.0160898.ref042]\].

Sl-CSD species often have mechanisms to prevent the occurrence of mating between relatives \[[@pone.0160898.ref048]\]. Behaviors in adults after emergence for this purpose were observed for *C*. *glomerata* and *Bracon hebetor* (Say, 1836) (Hymenoptera: Braconidae). Over 50% of females of *C*. *glomerata* and 30% of males were observed leaving their place of birth before mating \[[@pone.0160898.ref030]\]. For *B*. *hebetor*, both males and females are not receptive to mating for the first two hours after emergence \[[@pone.0160898.ref057]\].

However, under the ml-CSD system, in order for an individual to develop as a diploid male, he must be homozygous in a number of loci. Thus, there must be many inbreeding generations in order to have a considerable production of diploid males \[[@pone.0160898.ref033]\]. Crozier \[[@pone.0160898.ref058]\] suggested that in species exhibiting ml-CSD, the occurrence of diploid males remains rare even under inbreeding, since occasional outbred crosses would be sufficient to restore heterozygosity at some of the sex loci.

The genus *Cotesia* apparently presents a variety of solutions to the problem that arises with the production of diploid males: (1) having reproductively functional diploid males as *C*. *glomerata* \[[@pone.0160898.ref059]\]; (2) presenting the ml-CSD mechanism and reducing the frequency of diploid males, as in *C*. *vestalis* (Haliday, 1834) (Hymenoptera: Braconidae) \[[@pone.0160898.ref060]\] and *C*. *rubecula* \[[@pone.0160898.ref061]\]; and (3) do not exhibiting the CSD mechanism and thus, completely preventing the production of diploid males, as *C*. *flavipes* \[[@pone.0160898.ref033]\].

We found no increase in the proportion of males over 10 generations of *C*. *flavipes*. Similar results were observed by Niyibigira et al. \[[@pone.0160898.ref033]\], who found no increase in the proportions of males or any hint of an inbreeding depression even after 25 generations of *C*. *flavipes* reared in inbreeding conditions, suggesting that this species has a different type of sex determining mechanism, with the \"imprinting\" being the most likely. In this type of mechanism, the sex locus (X) binds to an active product in the egg or zygote. During the process of meiosis, the female transfers her sexual locus with a brand. In unfertilized eggs, that mark does not allow the locus to link to the active product, making it inactive and this mark is erased in males during embryonic development. Without this tag, the paternal allele is able to synthesize the active product. Therefore, in fertilized eggs, the sexual locus receives a tagged allele from the mother and one unmarked allele from the father, activating the link on the locus X with the active product, so that the zygote will develop as female \[[@pone.0160898.ref062]\]. The absence of the CSD mechanism in *C*. *flavipes* implies that the parasitoid can be created by several inbred generations without showing the negative consequences of an increased proportion of males owing to the production of diploid males \[[@pone.0160898.ref033]\].

Although some significant differences between populations and over the generations have been observed in this study, these results were not sufficient to indicate deleterious effects of the inbreeding process. After forty years since the beginning of the biological control program with *C*. *flavipes* in Brazil, there is still little literature on the biology and role of this parasitoid in the field. Our results demonstrate the performance of this insect in the laboratory, but their activity and behavior were poorly documented both during its introduction in the country and over the years of its liberation. Thus, it is not possible to infer that their performance has been affected dramatically as a result of rearing methodology adopted by the mass production labs.

The inherent species characteristics such as type of sex determination, gregarious habit, and post-emergence behavior \[[@pone.0160898.ref063]\] lead us to believe that, indeed, this parasitoid is able to avoid the deleterious effects of inbreeding. However, the studies that support our results were performed with different strains from those introduced in Brazil and may differ in important biological characteristics of the insect.

This work highlights the need to conduct further studies seeking to ascertain through molecular analysis whether there has indeed been a loss in genetic variability of the introduced strain. Studies with larger numbers of strictly inbred generations must also be done in order to confirm the absence of deleterious effects. Field studies should be considered to evaluate the real effectiveness of this parasitoid or probable \"domestication.\" Studies of Volpe et al. \[[@pone.0160898.ref064]\] demonstrate 26.5% loss in the ability to disperse in *C*. *flavipes* compared to those individuals initially introduced \[[@pone.0160898.ref065]\]. Comparison between the biology of parasitoids collected from different regions of Brazil would also help to determine if there are better adaptations of this strain in certain regions of the country.

Finally, based on the results, it can be suggested that quality control is standardized and performed periodically in laboratory mass-rearing facilities for *C*. *flavipes*, in order to maintain a record that enables the monitoring and development of colonies in the country. Consequent degenerative effects of inbreeding are not expressed in the biology and survival after 10 consecutive generations of strict inbreeding of *C*. *flavipes*.

Future studies should be conducted to compare the Brazilian population of *C*. *flavipes* with a population from their place of origin in the Indo-Australian region \[[@pone.0160898.ref066]\]. Thus, we would know whether the Brazilian population lost quality after it was reared in the laboratory for over 40 years. However, there are limitations to this study, particularly with respect to the Brazilian laws, which are too bureaucratic. The introduction of a species of parasitoid in Brazil may take up to a year, which makes it difficult to conduct this research. However, for the continued success of the biological control program for *C*. *flavipes* in Brazil, this question needs to be answered. Therefore, even with the difficulties, this study should be conducted in the near future.
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